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Among many possibilities, solar axion has been proposed to explain the electronic recoil event
excess observed by Xenon1T collaboration, although it has tension with astrophysical observations.
The axion couplings, gaγ , gae to photon and electron play important roles. The coupling gaγ
is related to the Peccei-Qiunn (PQ) charges Xf for fermions. In most of the calculations, it is
obtained by normalizing to the ratio of QCD anomaly factor N = TrXqT (q) (T (q) is quarks’
SU(3)c index) and electromagnetic anomaly factor E = TrXfQ
2
fNc (Nc is 3 and 1 for quarks and
charged leptons respectively). The broken PQ symmetry generator is used in the calculation which
does not extract out the component of broken generator in the axion which is “eaten” by the Z
boson. This accidentally gives the correct results using the physical component of axion due to
particle representations in the DFSZ (standard ones), but not in general cases. The basis where
physical axion is identified is a more convenient one to use. The fraction of each involved Higgs
bosons in axion matters. This leads to a wider parameter space for gaγ in beyond the standard
DFSZ axion.
Xenon1T collaboration has observed electronic recoil events excess at energy lower than 7 kev compared with
known background [1] and also compared their results with solar axion [2–5], anomalous neutrino magnetic dipole
moment [6], and several models. Although the significance is only at 3.5σ, a lot of efforts have been made to explain
the excess. One should understand the background better and have more data to confirm the excess from experimental
side. From theoretical side a lot of efforts have tried to study implications for some possible new physics beyond the
standard model (SM). Among many possibilities, solar axion has been proposed to explain the excess although it
has tension with astrophysical observations [1, 7]. It has been shown that the inclusion of inverse Primakoff effect
can significantly reduce the tension [8]. The axion couplings, gaγ , gae to photon and electron play important roles.
The coupling gaγ is related to the Peccei-Qiunn (PQ) charges [2] Xf for fermions. In most of the calculations, it
is obtained by normalizing to the ratio of QCD anomaly factor N = TrXqT (q) (T (q) is quarks’ SU(3)c index) and
electromagnetic anomaly factor E = TrXfQ
2
fNc (Nc is 3 and 1 for quarks and charged leptons respectively) [9–11].
The broken PQ symmetry generator is directly used in the calculation for the anomaly factors.
In a general axion model, at classical level not only the PQ global symmetry is broken by Higgs vacuum expectation
values in the potential of the model, there may be other symmetries which are also broken, such as the SU(2)L×U(1)Y
breaking down to U(1)em. There are at least two neutral Goldstone bosons, one corresponds to the axion and another
the would-be Goldstone boson z “eaten” by the Z boson. The Goldstone boson A corresponding to the broken
PQ generator may not be orthogonal to z. The component “eaten” by Z boson must be extracted since that part
cannot contribute to γγ due to Landau-Yang theorem [12]. The non-physical components in A should be removed
to obtai the physical axion a. This identification cannot be done before electroweak symmetry breaking because the
generators of z and A are still symmetric and cannot be singled out. After electroweak symmetry breaking, the z
is “eaten” by Z boson to provide its longitudinal components. The physical components of z are fixed. Then the
physical axion generator must be a linear combination of the original generators for A and z so that the resultant one
is orthogonal to z. It is most convenient to carry out all calculations in the physical basis for axion physics. One,
of course, can use the unphysical A to do the calculations, and correctly extract the unphysical components in A to
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2obtain the results for the physical axion a. In this work, we work out details in the physical axion basis, taking the
Dine-Fishler-Sredinicki-Zhitnitskii (DFSZ) models [4] as examples, for the couplings and point out differences in using
A and a by explicit examples.
We find that in the standard DFSZ models, the two approaches described above give the same results. But this
is accidental due to particle representations in the standard DFSZ models. Our specific example in a variant DFSZ
model show that the two approaches give different results. The basis where physical axion is identified is a more
convenient basis to use. The fraction of each involved Higgs bosons in axion matters. This also leads to a wider
parameter space for gaγ in beyond the standard DFSZ axion for phenomenological studies.
The DFSZ model has two Higgs doublets H1, H2 and a singlet S with PQ charges X1 = −1, X2 = +1 and
Xs = −X1 +X2.
Hi =

 h+i
1√
2
(vi + h
2
i + iIi)

 , S = 1√
2
(vs + hs + iIs). (1)
The quarks and leptons have PQ charges
QL : 0, UR : Xu = X1, DR : Xd = −X2, LL : 0, ER : Xe = −X2 . (2)
One can also assign Xe = −X1 in the above. We will refer to these two as standard DFSZ-I and DFSZ-II models. It
is understood that there are three generations of quarks and leptons.
The PQ invariant Yukawa interaction for DFSZ-I is
LY = −Q¯LYuH˜1UR − Q¯LYdH2DR − L¯LYeH2ER +H.C. (3)
where H˜i = iσ2H
∗
i . Xu+Xd = X1−X2 6= 0 is required for solving the strong CP problem. For DFSZ-II, one changes
L¯LH2ER to L¯LH1ER.
After electroweak symmetry breaking in both models in the (I1, I2, Is) basis, the z and A are
z : (v1, v2, 0), A : (X1v1, X2v2, Xsvs). (4)
As mentioned before that A is not the physical axion field. The physical axion must be orthogonal component to
z which is identified by providing Z boson longitudinal components. The orthogonal physical axion a will be linear
combination of z and A, a : αz +A. α is determined by z · a = 0 with
α = − 1
v2
(X1v
2
1 +X2v
2
2), v
2 = v22 + v
2
2 . (5)
Therefore, a ∼ (−(X2 −X1)v22v1, (X2 −X1)v21v2, (X2 −X1)v2vs).
Normalizing the field properly, we find the three physical states composed of I1,2,s as


z
a
p

 =


v1
v
v2
v 0
v2
2
v1
v
√
v2
1
v2
2
+v2v2s
− v21v2
v
√
v2
1
v2
2
+v2v2s
− v2vs
v
√
v2
1
v2
2
+v2v2s
v2vs√
v2v3+v21v
2
2
− v1vs√
v2v3+v21v
2
2
v1v2√
v2v3+v21v
2
2




I1
I2
Is

 . (6)
The tree level Yukawa coupling of axion for DFSZ-I is given by
LY−a = i
a
v
√
v21v
2
2 + v
2v2s
(v21U¯Muγ5U + v
2
2U¯Mdγ5U + v
2
2E¯Meγ5E) . (7)
Replacing v22 by −v21 for the electron coupling, one obtained the axion coupling to fermions in DFSZ-II.
3We now use physical axion a to calculate the well known triangle diagrams for the axion-gluon and axion-photon
interactions. We obtain
Lagg = N
g23
16pi2
1
v
√
v21v
2
2 + v
2v2s
(v21 + v
2
2)aT (q)G
a
µνG˜
µν
a =
αs
8pi
a
fa
GaµνG˜
µν
a ,
Laγγ = N
e2
16pi2
1
v
√
v21v
2
2 + v
2v2s
((v21Q
2
u + v
2
2Q
2
d)Nc + v
2
2Q
2
e)aFµν F˜
µν =
1
4
ag0aγFµν F˜
µν , (8)
where N = 3 is the generation number, and Nc = 3 is the number of color. T (q) is the quark SU(3)C index defined
by Tr(T aT b) = T (q)δab = (1/2)δab since quark is a fundamental representation. One can read off the axion decay
constant fa and the axion-photon coupling a
0
gγ as
1
fa
=
2N
v
√
v21v
2
2 + v
2v2s
(v21 + v
2
2)T (q), g
0
aγ =
αem
2pifa
E(X˜)
N(X˜)
. (9)
Here N(X˜) =
∑
i=u,d X˜iT (q) and E(X˜) =
∑
i=u,d,e X˜iQ
2
iN
c
i . Here N
c
i is 3 for quarks and 1 for leptons, and
X˜u =
v21
v21 + v
2
2
, X˜d =
v22
v21 + v
2
2
, X˜e =
v22
v21 + v
2
2
, (10)
for DFSZ-I. For DFSZ-II couplings, one just replaces X˜e = v
2
2/(v
2
1 + v
2
2) by X˜e = −v21/(v21 + v22).
The axion couplings to light fermions u, d, s and e can be straight forwardly worked out. We have for DFSZ-I,
LY−a=−1
2
∂µa
v
√
v21v
2
2 + v
2v2s
(v21 u¯γ
µγ5u+ v
2
2 d¯γ
µγ5d+ v
2
2 e¯γ
µγ5e) =
∂µa
2fa
1
N
∑
q
q¯X˜qγ
µγ5q =
∂µa
2fa
jµa,0 . (11)
Again for DFSZ-II couplings, one just replaces v22 to −v21 for the term involves electron e.
We have obtained the axion couplings in the physical axion basis. Concerning the axion-photon coupling, if one
calculates the axion-photon coupling g0aγ using A, as did by many previously, one would obtain a similar expressions
by replacing X by X˜i respectively to obtain N(X) and E(X) [9–11]. We now check if the ratio of E and N are equal
in both basis. We have
For DFSZ-I :
E(X)
N(X)
=
(XuQ
2
u +XdQ
2
d)N
q
c +XeQ
2
eN
e
c
(Xu +Xd)T (q)
=
4/3 + 1/3 + 1
(1 + 1)(1/2)
=
8
3
,
E(X˜)
N(X˜)
=
(X˜uQ
2
u + X˜dQ
2
d)N
q
c + X˜eQ
2
eN
e
c
(X˜u + X˜d)T (q)
=
4/3× v21 + 1/3× v22 + 1× v22
(1× v21 + 1× v22)(1/2)
=
8
3
.
For DFSZ-II :
E(X)
N(X)
=
(XuQ
2
u +XdQ
2
d)N
q
c +XeQ
2
eN
e
c
(Xu +Xd)T (q)
=
4/3 + 1/3− 1
(1 + 1)(1/2)
=
1
3
, (12)
E(X˜)
N(X˜)
=
(X˜uQ
2
u + X˜dQ
2
d)N
q
c + X˜eQ
2
eN
e
c
(X˜u + X˜d)T (q)
=
4/3× v21 + 1/3× v22 − 1× v21
(1× v21 + 1× v22)(1/2)
=
1
3
.
The above two models obtain the same ratios for the two methods. For such models the use of different basis do not
have physical effects.
Can one draw a conclusion that the two methods described above always give the same results? To answer this
question, let us consider a DFSZ variant model in which the charged leptons ER with its PQ charge set to be 0 so
that it couples to a different Higgs doublet H3 with a PQ charge to be 0[11], that is, the term L¯LYeH2ER in eq(3) is
replaced by L¯LYeH3ER. The PQ charges for other fields do not change as those for the standard DFSZ model.
Because there are more Higgs doublets with different PQ charges in this DFSZ variant model, there may be some
additional global symmetries in the Higgs potential to have additional Godstone boson after electroweak symmetry
breaking to complicate the analysis. To avoid this to happen, we assign the singlet S to have a PQ chargeXs = 1. The
renormalizable Higgs potential admits terms like, H†3SH2, H
†
1SH3 andH
†
1S
2H2. Therefore the potential does not have
4additional global symmetry except PQ and the SU(2)L ×U(1)Y gauge symmetries as in the standard DFSZ models.
After electroweak symmetry breaking, the two broken generators corresponding to z and A are z : (v1, , v2, v3, 0)
and A : (X1v1, X2v2, 0, Xsvs). Following the same procedure before, we obtain the physical axion field to be given
by
a =
1
Na
(
(2v22 + v
2
3)v1I1 − (2v21 + v23)v2I2 − (v21 − v22)v3I3 − v2vsIs
)
. (13)
where N2a = ((2v
2
2 + v
2
3)v1)
2 + ((2v21 + v
2
3)v2)
2 + ((v21 − v22)v3)2 + (v2vs)2 is a normalization constant. One obtains
LY−a = i
a
Na
((2v22 + v
2
3)U¯Muγ5U + (2v
2
1 + v
2
3)U¯Mdγ5U + (v
2
1 − v22)E¯Meγ5E) , (14)
and the axion decay constant is now given by f−1a = 4Nv
2T (q)/Na.
Carrying out the one loop triangle diagram calculations, wo would obtain
E(X˜)
N(X˜)
=
((2v22 + v
2
3)Q
2
u + (2v
2
1 + v
2
3)Q
2
d)Nc + (v
2
1 − v22)Q2e
((2v22 + v
2
3) + (2v
2
1 + v
2
3))T (q)
=
4(2v22 + v
2
3) + (2v
2
1 + v
2
3) + 3(v
2
1 − v22)
3(v21 + v
2
2 + v
2
3)
. (15)
while E(X)/N(X) would give
E(X)
N(X)
=
(XuQ
2
u +XdQ
2
d)Nc
(Xu +Xd)T (q)
=
5
3
. (16)
The ratios E(X˜)/N(X˜) and E(X)/N(X) are obviously not equal in general.
In the standard FDSZ-I and DFSZ-II models, the electron contributions to E(X˜) are associated with the Higgs
bosons give similar contributions from quarks. But the variant DFSZ model just discussed it involves another Higgs
boson which are not directly related to the quark contributions and therefore automatic extract of physics axion
information does not occur leading to unphysical result. It is therefore more convenient to carry out calculations in
the physical axion basis to obtain correct results without additional extraction after obtain the interactions below
electroweak breaking scale. When going beyond the standard DFSZ models, there is a wider range of parameter space
for axion-photon couplings, that is, the ratio E/N is not a fixed value. This is our main results of this work. Care
must be taken when going beyond the standard DSZ models.
For completeness, let us brief outline how to match below electroweak scale for an axion-hadron couplings using
effective interactions below electroweak scale obtained. We summary them in the following for the interactions of
axion with light fermions q = (u, d, s) and e, gluon and photon [13, 14],
La =
1
2
∂µa ∂µa+
a
fa
αs
8pi
GaµνG˜
µν
a +
1
4
a g0aγFµν F˜
µν +
∂µa
2fa
jµa,0 − (q¯LMqqR +H.C.) (17)
where Mq is a diagonal mass matrix with diagonal entries: (mu, md, ms).
Our discussion follow closely ref.[13]. The axion-gluon coupling can be explicitly removed from the effective La-
grangian by performing a chiral rotation on the quarks of the following form coupling
q → e−iγ5 a2faQaq, (18)
one obtains
La =
1
2
∂µa ∂µa+
1
4
a gaγFµν F˜
µν +
∂µa
2fa
jµa − (q¯LMaqR +H.C.) (19)
with
gaγ =
αem
2pifa
(
E(X˜)
N(X˜)
− 6Tr(QaQ2)
)
, jµa = j
µ
a,0 − q¯γµγ5Qaq , Ma = ei
a
2fa
QaMqe
i a
2fa
Qa . (20)
5where Qa is chosen to be a diagonal one with the entries to be (Q
11
q , Q
22
q , Q
33
a ) = (1/mu, 1/md, 1/ms)/(1/mu +
1/md + 1/ms) so that there will be no axion-pi
0 mixing. Other choice is also allowed, but there will be axion-pi0
mixing which requires further diagonalization, and will obtain the same results.
The chiral realization to obtain the axion mass is closely related to how pions obtain their masses. The leading
order meson masses are given by
La−mass = 2B0
f2pi
4
Tr(UM †a +MaU
†) , U = ei
√
2Π/fpi ,
Π =

pi0/
√
2 + η/
√
6 pi− K−
pi+ −pi0√2 + η/√6 K¯0
K+ K0 −2η/√6

 . (21)
Specialize to a and pi0, we obtain
La−mass = B0f2pi
(
mu cos(pi
0/fpi +Q
11
a a/fa) +md cos(pi
0/fpi −Q22a a/fa)
)
. (22)
We obtain the axion mass ma to be
m2a =
f2pi
f2a
m2pi0
mumdm
2
s
(mumd +mums +mdms)2
≈ f
2
pi
f2a
mumd
(mu +md)2
m2pi0 . (23)
To obtain the axion-baryons couplings, one matches the current term jµa using chiral Lagrangian realization following
ref.[13]. One obtains [9, 13]
La−N =
∂µa
2fa
(
2Tr((X˜ −Qa)T a)
(
FTr(B¯γµγ5[T
a, B]) +DTr(B¯γµγ5{T a, B})
)
+
1
3
Tr(X˜ −Qa)STr(B¯γµγ5B)
)
,
(24)
where T a = λa/2 with λa the Gell-Man matrices. X˜ = diag(X˜u, X˜d, X˜d) which are model dependent as discussed
in previous sections. D = 0.81, F = 0.44 [15] and S is between 0.0 to 2.2 [13].
Using the above one can obtain the g0 and g3 iso-scalar and iso-vector axion-nuclear coupling. One can also use
Goldberger-Treinan relation to obtain the iso-scalar and iso-vector couplings g0 and g3 couplings to proton and neutron
ψ = (p, n)T defined by [10] La−N = aψ¯(g0 + g3τ3)ψ,
g0 = −FA0
(
1
N
(X˜u + X˜d)− 1 + z
1 + z + w
)
mN/2fa ,
g3 = −FA3
(
1
N
(X˜u − X˜d)− 1− z
1 + z + w
)
mN/2fa . (25)
Compared with the results in eq.(24), we obtain
FA0 =
1
2
(D − 3F − 2S) , FA3 = −(D + F ) . (26)
The Xenon1T collaboration while reporting their data, also performed a solar axion fit to the data to explain the
recoil electron event excesses and pointed out their solar axion fit may have tension with astrophysics observations. It
has also been shown that the inclusion of inverse Primakoff effect can reduce significantly the tension [8]. Ignore the
astrophysics constraints, we find that both DFSZ-I and DFSZ-II model can explain the Xenon1T data consistently as
claimed in ref.[1]. For example, for the bench mark set of parameters after taking into account the inverse Primakoff
effect, gae ∼ 1.5× 10−13 and gaγ ∼ 2 × 10−10, the standard DFSZ-I model would obtain fa ∼ 4× 106GeV, ma ∼ 1.3
eV, v2/v ∼ 0.062 and also predict gan ∼ 8.5 × 10−8. For DFSZ-II model, one would obtain fa ∼ 9 × 106GeV,
ma ∼ 0.63 eV, v2/v ∼ 0.3 and also predict gan ∼ 4× 10−8. In both cases, v2 is predicted to be smaller than v1. This
in agreement of the fact that mt is larger than mb.
6To conclude, the axion couplings, gaγ , gae to photon and electron play important roles in explaining the Xenon1T
data. We have reexamined theoretical calculations for axion couplings. We have found some subtle issues in calculating
the axion-photon coupling. The coupling gaγ is related to the Peccei-Qiunn (PQ) charges Xf for fermions. In most
of the calculations, it is obtained by normalizing to the ratio of QCD anomaly factor N and electromagnetic anomaly
factor E. However, if the broken QP current generator is used in the calculation, one must extract the component
which is “eaten” by the Z boson to obtain the correct couplings. In general, the fraction of each involved Higgs
bosons in axion matters. It is more convenient to use a basis where axion is already identified as the physical one.
We have worked out a specific variant DFSZ model to study detailed differences of the two approaches and give the
correct results which has a wider parameter space for gaγ in beyond the standard DFSZ axion. Calculations of axion
couplings to photon and other particles need to be done correctly. The basis where the axion is already identified as
the physics one provides a convenient basis for achieving this.
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